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ABSTRACT

Whiplash injuries due to rear-end car collisionsis
one of the most aggravating traffic safety problems
with serious implications for the European society.
Y early more than amillion European citizens
suffer neck injuries from rear-end car collisions,
implying tremendous societal costs. Therefore the
European Community has sponsored the European
Whiplash project. The objective of this paper isto
present a general overview of this project.

Accident studies show the relevance of rear impact
related whiplash injuries and representative rear
impact conditions in which whiplash is likely to
occur. For the development of a Rear Impact
Dummy (RID) typical human responses to rear
impact are needed and were obtained with human
volunteer and Post Mortem Human Subject tests at
low speeds. Accident reconstructions were
performed in order to derive injury thresholds for
the dummy. Combining information from the
accident investigations and the reconstructions, test
methods for the evaluation of seats and head
restraints were developed. Finally the dummy and
the test methods were used to evaluate seats
available on the European market.

INTRODUCTION

Whiplash Associated Disorders (WAD) are one of
the main causes of injury claims. A significant part
of these whiplash injuries occur in rear-end impact,
possibly combined with multiple collisions. Other
causes of whiplash injuries are frontal and side
impact and roll-over. Temming (1998) reports 46
% of all whiplash injuries found in the VW
accident database to be due to single rear-end or
multiple collisions. Hell (1998/2000) shows a
number of 40% as aresult of the German insurance
database. Single collision rear impact causes 15 %
of the total number of whiplash cases in another
study of Temming (2000). Typical accident
conditions were identified and used for the
definition of representative crash pulses based on
crash recorder data.

For rear-end collisions no test methods exist to
study the protection offered to the car occupant,
contrary to frontal and lateral collisions. It is
expected that for rear-end accidents improvements

in vehicle design and in particular the seat/headrest
system can lead to a significant reduction in the
amount of whiplash injuries. Experimental methods
for the evaluation of seat head restraint systems
were developed based on typical rear-end accident
conditions.

In order to assess the injury risk in rear-end
impacts, an adequate tool for injury assessment is
needed. Several attempts have been made to design
acrash test dummy, which sufficiently describes
the human body kinematics and loads. The
generally used Hybrid I11 dummy has been
evaluated by severa researchers. Prasad et al.
(1997) compared the Hybrid |11 response to two
cadaver tests performed by Mertz and found the
dummy response satisfactory compared to the
PMHS response. Others conclude that the Hybrid
111 lacks biofidelity in rear impact (Scott (1993),
Davidsson (1998a & 1999b) and Cappon (2000)).
The study by Davidsson resulted in the
development of the BioRID dummy (Davidsson,
1998a & 1999a), which has a multi-segment spine.
Within the European Whiplash project a crash
dummy, called RID2, was developed parallel to
and independent of the Swedish development. The
RID2-o. prototype was designed and evaluated on
the basis of tests with human subjects conducted in
this project.

Thus accident studies and accident reconstructions
resulted in the definition of test methods. Human
responses were used for the development of arear
impact dummy. Finally the testing procedures and
the dummy were used in experimental benchmark
studies with existing seat designs.

ACCIDENT STUDIES

Knowledge on the protection of the human body in
rear-end collisionsis still very limited. Accident
investigations were performed, in order to gain
knowledge on injury causation and human body
responsesin rear-end collisions.

From the German insurance database 517 rear-end
cases were investigated (Hell, 1998). In this study
673 occupants, of the 833 involved, claimed
cervical spineinjury (80%). This study showed that
atypical rear-end accident configuration, in which
whiplash injury occurs, is a 0-5° angled impact



with almost full overlap. The AV of these cases
was found to be in between 9 and 20 km/h. High
head restraint positions were found to correlate
with reduced injury risk and females showed a 1.4
times higher occurrence of injuries.

Another source of accident data was the
Volkswagen Accident Database (Temming, 1998).
In the 533 rear-end collisions, 297 of 1295 belted
occupants sustained whiplash injuries (24%). The
risk of female occupants suffering whiplash
injuries, was found to be twice as high as the risk
of male occupants. The AV with the highest
absolute number of injured occupants was in the
range of 8-12 km/h. The maximum risk of injury
was found in the AV range of 13to 17 km/h
(velocity change at which the percentage of injured
occupants is the highest, Figure 1. All injured
occupants is 100%).
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HUMAN BODY RESPONSES

Biofidelity with respect to human subject impact
response datais one of the most important design
criteriafor a crash dummy. At the start of the
European whiplash project there were hardly any
reliable human response data in rear-end impacts
available. Therefore two series of sled tests were
performed using human volunteers and Post
Mortem Human Subjects (PMHS), respectively. A
summary of the test conditionsis presented in
Table 1 and detailed results are presented by
Kroonenberg (1998) and Bertholon (2000).

Tablel.
Characteristics of volunteer and PMHS sled
tests

30,0

Percentage of injured occupants

Volunteer PMHS
Seat Type Car seat Rigid
Head restraint Yes No
No. of subjects 10 3
Max sled pulse [g] 4 12
Velocity [km/h] 6.5and 9.5 10

0.2 3.7 8.12 13.17 18.22 23.27 28.32 33.37 38.42 43.47 48.52 >52
Velocity change Delta-V (km/h)

Figure 1. Relation between therisk of whiplash
injury and AV (singlerear-end impact, belted
occupants).
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RID2 o - Prototype Features

From the knowledge and data obtained in these
tests a crash dummy for low and mid-severity rear-
end collisions was developed called RID2-a.
(Cappon, 2000). The following section will
describe the RID2-o. in general. Then a comparison
of this dummy and the Hybrid I11 with the
performance of the human subjects will be made.

Standard Hybrid-l New
Instrumentation Instrumentation

Skull cap load cell
to measure contact
forces

Mine-accelerometar array
to measure linear and
angular head accelerabions

Hybrid-ill upper neck
load cell

Infant dummy load
cell in T1 bracket to
measura T1 loads

| T1 Accelerometer

Hybrid-il upper neck
load cellinT12
bracket to measure
T12 loads

| T12 accelerometer |

| Pelvis accelerometer |

Figure 2. New and modified dummy parts and instrumentation.



RID2-o. PROTOTYPE

As mentioned earlier several studies have shown
the lack of biofidelity of the Hybrid 11 dummy in
rear-end impact studies. In particular this dummy
was found to lack head rotation during rear impact.
Thiswas mainly caused by the rather stiff neck of
this dummy. Therefore the 2D TRID-neck was
designed in 1996 (Thunnissen, 1996). This
development was continued in the RID1 dummy,
designed at the start Whiplash project, based on the
limited amount of biomechanical data available at
that time. Both the TRID-neck and the RID1 neck
used the Hybrid 111 torso as a basis. From the
evaluations done with the TRID-neck and the RID1
dummy it was found that there was no rotation at
the base of the neck (T1 level) contrary to human
responses and neither did the Hybrid 111 torso show
any ramping up during rear impact due to
inadequate interaction with the seat. Furthermore
the TRID and RID1 neck were still too stiff.
Therefore it was decided to develop anew dummy,
which isthe RID2.

The RID2-o. prototype is a combination of newly
developed parts and parts of the Hybrid 111 50"
percentile male dummy. Legs, arms, head are taken
from the HI1I dummy and mounted on the torso of
the RID2-a.. The torso has a new spine, which
contains two flexible elements to allow spine
rotation, and includes a THOR ribcage. The pelvis
is equipped with alumbar spine-bracket, which
allows adjustment of the pelvis angle, to allow
different seating postures.

The neck of the RID2-ais atotally new
development. It is optimised for low- and mid
severity rear impacts. The mgjor biofidelity design
target was the initial translating motion of the head
observed in human subject tests, resultinginan S
shape in the neck during rear impact (the so-called
head lag).

The instrumentation of the dummy as well asthe
new and modified dummy partsis shown in Figure
2. In addition to the sensors shown, the dummy was
instrumented with special tilt sensors, which
allowed exact initial positioning before each test.

RESULTSOF BIOFIDELITY TESTS

A detailed presentation of the dummy responses
will be the subject of a separate paper. Figure 3
shows the global dummy response of the RID2-o
in alow severity test (10 km/hr and 3.5 g). Clearly
theinitial translational motion of the head and the
S-shape response of the neck can be observed. In
the next section some global kinematics will be
presented i.e. the T1 displacements and the head

rotation in comparison with the human volunteer
and PMHS tests. A comparison with the Hybrid 111
dummy will be shown as well.

Figure 3. Sequence of the RID2-o. head-neck
responsein 10 km/h, 3.5g impact.

Volunteer and soft seat configuration (AZT)

The T1 x-displacements as function of time with
respect to the sled are shown in Figure 4. The
tranglation of the RID2-o. dummy is similar to the
volunteer results, while the Hybrid 111 startsto
move too early.
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Figure4. T1 x-displacement

The RID2-o. head rotation as function of time
with respect to the sled is similar to the volunteers
response for the RID2-a as is shown in figure 5.
The timing of the dummy equals the timing of the
volunteers. The Hybrid 111 shows almost no initial




head trandation phase (S-shape) and starts rotating
immediately. Due to the head restraint the rotation
islimited in all cases.

Compared to the human subject tests the RID2-o
dummy did not show sufficient ramping-up yet and
therefore some small modifications of the dummy
design are needed. Another observation was that
the RID2-o s seating height was too large and a
reduction in dummy length would be needed in
order to obtain a more representative response. In
the dummy version which will become available in
spring 2001 these modifications will be included.
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Figure 5. Head angle with respect to the
sled.

Rigid seat configuration (LAB)

The T1 x-displacement is shown in Figure 6. It
shows that the RID2-o. dummy response is quite
similar to the results of the PMHS tests, while the
Hybrid I11 shows a very fast rebound. It must be
noted that the Hybrid 111 T1-displacements were
not derived from film analysis, but from
acceleration measurements and thus contains more
inaccuracies.
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Figure 6. T1 x-displacement with respect to
the sled.

The dummy’s T1 z-displacement measured from
the filmis 25-31 mm upward (ramping-up). In the

PMHS tests, the displacement was highly
dependent on the tested subject. The ramping
effect, which is known to occur in human volunteer
subjects and which will affect the relative position
of the head with regard to the headrest at the
moment of impact, iswell reproduced by the
dummy.

The rotation of the head with respect to the sled
isillustrated in Figure 7. Much larger head
rotations in these tests can be observed than in the
human volunteer tests due to absence of a head
restraint system. The peak rotation is very well
reproduced by the RID2-o. dummy in contrast to
the Hybrid 111 dummy which shows about 50%
smaller rotation. Theinitial head rotation in the
RID2-o is dightly deviating from the PMHS
response probably due to a different T1 rotation of
the dummy .
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Figure 7. Head anglewith respect to the sled.

Repeatability of the RID2-o.

The repeatability of the dummy is tested using two
different acceleration pulses, which are also
proposed in the sled test method hereafter. Each
pulse was used for a series of eight tests.

1. Test 1to 8 wereperformed at an acceleration
of 3.5g and avelocity change of 10km/h. This
pulseis considered to designate the threshold
below which injuries of human beings are
improbable.

2. Test9to 16 were performed at an acceleration
of 5.5g and a velocity change of 16km/h. This
pulse simulates rear-end impacts at which neck
injuries are very likely to occur.

Figures 8 and 9 show the head resultant
acceleration of the RID2 illustrating the high
repeatability of the dummy in both sled test
scenarios. Asthere are only slight differences, one
might conclude that this method is quite robust.
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Figure 8. Head resultant acceleration of RID2-
o.in 10 km/h, 3.5g sled test.
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Figure 9. Head resultant acceleration of RID2-
o in 15 km/h, 5.5g dled test.

ACCIDENT RECONSTRUCTIONS

As part of the European whiplash project a task
was scheduled to reconstruct experimentally a
number of real accidents in which car occupant had
suffered minor neck injuries. One aim of these
reconstructions was to investigate the possible link
between dummy loading parameters and the
occurrence of neck injuries since the main
assumption in the European whiplash project was

that the risk on neck injuries would decrease with a
lower neck loads.

Reconstructions have been conducted both in the
first stage of the project with the RID 1 dummy and
in alater stage with the RID2-o. dummy. The
dummies were used to represent the driver. In some
of these tests the Hybrid |11 dummy was used to
simulate a passenger. One general conclusion from
the reconstructions was that the actual
deformations occurring in the real accident were
difficult to reproduce exactly. In this paper some of
the results for the reconstructions with the RID2
dummy will be presented. In total five well-
documented accident cases with AIS 1 injuries
have been reconstructed with this dummy.

Table 2 presents the range of upper neck loads
measured in the RID2-o. dummy in the five
reconstructions. Shear and axial forces are
presented as well as neck torques. In this table also
the results for neck loads presented in literature for
different types of human subject tests are included.
These tests were conducted at varying impact
levels and with different restraint and seat types.
Note that in most of these tests no injuries were
reported (one of the PMHS subjects tested by
Kallieris et al. had AlS 3 neck injury, caused by
osteoporosis).

From the table it can be seen that the normal force
is the only dummy loading parameter in the
accident reconstructions, which deviates in value
from the values found in the non-injury human
subject tests. This parameter reaches avalue up to
1650 N while in the non-injury human subject tests
this value did not exceed alevel of 504N. So this
parameter possibly could be linked to the risk of
low severity neck injuries, knowing that the neck
loads measured in the RID2-¢, correlated well to
the results of the human testing donein this project.

Table 2. Loadsin the upper neck adopted from several studiestogether with results from the accident
reconstructionswith the RID2-o. ( last row) conducted in the Eur opean whiplash project.

Shear Normal Torque Seat | Subject Injury Amount of
force[N] | force[N] [Nm] tests
Ono & Kanno (1993) 41-80 44-68 4.0-4.7 Rigid | Volunteer | No 5
Mertz & Patrick (1967) | 218-441 | 125-504 16.8-44.8 | Rigid | Volunteer | No 5
Kallieris (1996) 345-360 | 446-473 35.6-38.8 | Rigid | PMHS No 2
Deng (2000) 53-335 33-258 -2-395 | Soft PMHS No 4
Y oganandan (2000) 257-525 | 369-904 22-46.6 | Rigd | PMHS AIS2-3 | 5(4injury)
Kroonenberg (1997) 23-246 216-431 7-22 Soft Volunteer | No 7
Bertholon (2000) 218-319 | 125-168 20-31 Rigid | PMHS No 6
RID2-o (Whiplash) 77-328 584-1650 | 3.3-109 | Soft = Dummy AlS1 5 recon-
structions




TEST METHODS

The following test methods were devel oped within
this project: full system dynamical sled tests at
three different impact speeds, geometrical tests and
three tests to evaluate specific aspects of the
seat/headrest performance dynamic seat back foam
stiffness impactor testing at one impact speed (16
km/h) with a Hybrid I11 torso back form:

dynamic head restraint foam and joint

stiffness testing at one speed.

- uasi-static seat back load deflection
testing at two velocities (10 and 16 km/h)
for measuring combined recliner and foam
stiffness with a Hybrid 11 dummy.

In this paper we will focus on the sled test method,
sinceit is most relevant for the evaluation of seat
and head restraint performance.

Sled testing

Within the European whiplash project two accident
databases have been investigated in detail to derive
representative conditions for which whiplash
injuries occur. Results of these studies as well as
reconstruction data available were reviewed in
order to define a suitable sled test configuration.
Sled tests are recommended for seat and head
restraint evaluation, since the same car seat design
oftenis applied in several car types and for
economical reasons ( higher costs of full-scale
testing).

Impact conditions: Both accident databases
(GDV and VW) resulted in asimilar rear impact
configuration regarding the angle of the collision

and overlap.
- Cdllisionangle: straight (+/- 5°)
- Overlap: full overlap

This means that arelatively simple linear sled can
be used.

Velocity change of sled: Three different sled
velocities were selected:

- Low speed, 10 km/h (2.4g mean g-level): most
common AV at which whiplash occurs;

- Mid speed, 16 km/h (3.7g): AV with ahigh
injury risk.

- High Speed, 30 km/h (8.50): This speed isless
relevant for injury assessment but is needed to
check the integrity of the system at higher
speeds.

The crash pulse for sled testing was based on
crash recorder datain both real accidents and
accident reconstructions. The crash pulses are
shown in Figure . The average pulse was calculated
and idealised by two pulses, one with atrapezoid

shape and one with a sine shape. The advantage of
these shapes is that they can be reproduced by most
crash facilities quite easily.

Seat mounting and adjustment: The seat should
be mounted on the sled in a configuration as much
as possible corresponding to the mid-position
mountingin the car. Additionally, the footboard and
the position of the seatbelt anchorages must be
simular to the configuration in the car. For the
seat back inclination 25° torso inclination (design
position) is proposed. Concerning the h
head restraint two positions, the optimum as well
as the worst case are proposed to be analysed. .
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Dummy positioning requirements are:

- Pelvisangle: 25°+25°
- H-point dummy with respect

to H-point of seat: 0£20[mm]
- head angle: 0°

BENCHMARKING

As part of the European whiplash project alimited
benchmarking study was performed in order to
evaluate the proposed test methods and in order to
get afirst impression of the performance of some
of the seat/headrestraint system designs currently
available in the European market.

Test Seat Selection

Three front seats from European car manufactures
were chosen for analysis in the benchmarking task.
These seats are identified as WTS (Whiplash Test
Seat) 1, 2 and 3, respectively. The test seats were
chosen primarily because of their vast availability
on the European Community market. Furthermore
the selection was based upon the design features
included in the seat. Criteria considered for the
selection of the test seats included seat back
recliner type, seat back foam type, head restraint
design and usage of a seat height adjuster in the
seat configuration. A summary of these design
characteristics and the annual vehicle sales volume
for the selected seat are presented in Table 3. The
baseline reference seat, which was used in various
phases of the Whiplash project, isincluded for
reference.

Benchmark Tests

The selected seats were tested according to the
methods developed in the Whiplash programi.e.
dimensional tests, the load-deflection quasi-static
tests, and the dynamic sled tests at velocity changes
of 10 km/h, 16 km/h, and 30 km/h. The results of
the above mentioned tests were compared to those
performed with the baseline reference seat.

Quasi-static tests: In the quasi-static tests a
Hybrid [11 dummy is pressed into the seatback with
an energy equivalent to a 10 km/hr dynamic test.
Figure 13 shows the energy absorbed in the incliner
versus the dummy displacement and Figure 14 the
seatback foam deflection as function of
compression force. WTS 1 and WTS 3 show a
much lower incliner stiffness than the other seats
and WTS 1 moreover has a much lower seat back
foam stiffness

Full System Sed Tests: The RID2-o was used
during the test series of 10 km/h and 16 km/h,
while the Hybrid 1l dummy with a TRID neck was
used in the 30 km/h tests in order to minimise the
risk of damaging the RID2-a. prototype manikin.
The head restraint was put in the assumed worst
case condition namely full down and full rear. The
performance of the test seats was evaluated based
on severa parameters. upper neck loads (shear
force, normal force and torque) and the NIC injury
criterium (Bostrom, 1996). The maximum values
of K, F,, and My in the 10 km/h and 16 km/h tests
and the NIC values are shown in Table 4 and 5
respectively. For the 30 km/hr tests no results are
included in these tables since both the WTS 1 and
WTS 3 seat suffered significant structural failurein

these higher velocity tests.
Table 3.
Overview of selected seats, corresponding vehicle sales volumes and design characteristics
Test Seat Annual Recliner Seat Back Foam Head Restraint Height Adjuster
Volume Configuration
Baseline 480,000 Duel Side Expanded 4 way movement / No
Reference Seat Continuous Polyurethane PU foam
WTS1 200,000 Duel Side Expanded 2 way movement / No
Continuous Polyurethane PU foam
WTS?2 175,000 Duel Side Rubberised 4 way movement / Yes
Discontinuous Coconut Hair PU foam
WTS3 420,000 Duel Side Expanded 2 way movement / No
Continuous Polyurethane PU foam




Table 4.
Summary of peak upper neck loadsand theNIC
in AV 10 km/h sled tests

Test Seat My [Fx [|Fz NIC
Nm | N N |m2/s2
WTS1 -1.8 [-88 |870 [9.9
WTS?2 -5 -185 [1200 |16.3
WTS3 -7.8 |-220 |1017 |15.7
Baseline |-7.6 [-127 |697 |21

Tableb.
Summary of peak upper neck loadsand the NIC
in AV 16 km/h ded tests

Test Seat |My |[Fx |Fz |NIC
Nm | N N |[m’s
WTS1 -115 |[-68 [872 [20.6
WTS2 -6.9 [-470 [2207 [33.6
WTS3 -22.8 [-102 [956 [15.9
Basdine [-89 [-175 [1970 |21

Task 4.3 Quasi-static Test
Low Energy Test - Delta V 10 km/h

Ram displacement (mm)
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Figure 13. Seat back incliner energy-displacement

characteristics.
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Figure 14. Seat back foam and incliner force-
deflection characteristics.
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In the low severity 10 km/h tests the lowest loads
and NIC values, are achieved in the tests with WTS
1. This seat has the lowest incliner and seatback
foam stiffness. For the 16 km/h teststhe differences
are less pronounced. The WTS 2 seat clearly
exhibits the largest neck forces but the neck torque
islower for this seat. The axial forceis relatively
large for al seats tested and concerning WTS 1 and
3thereishardly adifferencein thisforce if the
impact severity increases. In all casesthisforceis
from the same order of magnitude asin the
accident reconstructions.

DISCUSSIONS AND CONCLUSIONS

The European whiplash started in 1997. The most
important result of this project is a sled test method
and new crash dummy (RID2-o) for the assessment
of the protection offered by the seat and
headrestraint system in arear-end collision. On the
basis of human subject tests conducted in the
project, the development of a new rear impact
dummy, the RID2-a. was realised. Compared to the
Hybrid 11 dummy a much more redlistic biofidelity
was observed for this dummy with respect to the
human subject tests conducted in this project. Itis
recommended to evaluate the response of this
dummy also to some other test series with human
subjects that have become available recently.

In addition to the biofidelity also the repeatability
of the dummy has been evaluated and a satisfying
performance could be observed. Some minor
problems with the dummy have been identified
which has resulted in some small design
maodifications (included in the 2001 update of the
dummy).

Mainly for economical reasons the test method
developed in this project is a sled test rather than a
full scale test. Three different impact severity’sare
proposed: 10, 15 and 30 km/hr with a standard
average crash pulse for each impact velocity. This
crash pulseis derived from crash recorder data
obtained from real and reconstructed accidents. It
should be noted that the period of observation of
the accident databases is 1975-1996, thereforeit is
recommended to consider crash pulses of new cars
aswell in order to check the validity of the average
sled test pulses presented here. A disadvantage of
an average pulse for a selected impact velocity is
that specific vehicle response (crumple zones) is
not taken into account. As an alternative it could be
considered to prescribe a vehicle dependent
acceleration pulse for the sled test.

The main assumption in this project was that
whiplash risk may be related to neck loading. For
this purpose a number of reconstructions of real
accidents were conducted in which AIS 1 neck
injuries were observed. Upper neck loads measured



in the dummy during the reconstructions have been
compared with upper neck loads calculated in
human subject tests. The limited data available so
far indicate that only for the neck axial force such a
relation with neck injury risk seemsto exist. It
should be noted that axial force can be
compressive, during ramping up and when the head
hits the head restraint, or tensile, during large head
extension. Both forces may result in different
injury mechanisms. Further research is needed to
explore these mechanisms and also other potential
criterialike lower neck loads should be considered.

With the newly developed dummy and the
proposed seat and head restraint test methods,
several existing car seats available on the European
market were evaluated. It was found that seats with
alow stiffness for the seat back incliner and seat
back foam produced the lowest values of upper
neck loads. All seats tested showed relatively large
axial neck loads from the same order of magnitude
as observed in the accident reconstructions. The
largest axial neck loads were observed in the seat
with the largest incliner and seatback foam
stiffness. It should be noted that in all these tests
the headrests was positioned in the assumed worst
case condition (i.e. low and asfar as possible
backward).

In the European whiplash project so far only the
extension phase of arear-end collision has been
considered and not the rebound phase in which due
to the elasticity of the seat/headrestraint system the
human body is pushed forward in alater stage of
the collision. Several studies have indicated the
potential risk of this rebound phase. In afollow-up
project of the European whiplash project (called
WHIPLASH I1) the neck injury risk in the rebound
phase will be studied together with therisk in
frontal impacts.
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